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Background and aim: Endoscopic Third Ventriculostomy (ETV) is used to treat hydrocephalus, an abnormal cerebrospinal fluid accumulation in brain ventricles. By defining a new trajectory and entry point interval, we aim to establish a standardized approach for FreeHand ETV, a vital technique when specialized tools are unavailable, or during emergencies.

Methods: 187 MRIs were analyzed, with 30 having hydrocephalus. A pathway crossing the cranial bone, interventricular foramen (of Monro) and tuber cinereum was outlined. Measurements involved distances to cranial sutures, pathway angles and depths, and distances to important anatomical landmarks. Comparisons between hydrocephalic and non-hydrocephalic patients were made while assessing variations linked to age, sex and Evan’s index.

Results: Significant differences were found, notably for depth (93.520 ± 7.228 mm), coronal plane angulation (10.982° ± 6.119°), distance to the sagittal suture (18.957 ± 8.608 mm), and distance to the superior frontal sulcus (7.00 mm). Other variables did not differ significantly between groups, including for the sagittal plane angulation (2.549° ± 3.576°) and the distances to the precentral sulcus (19.93 ± 7.955 mm), and to the coronal suture (10.55 mm).

Conclusion: The new approach, situated close to cranial sutures and distant to the precentral and superior frontal sulcus, shows promise in enhancing surgical precision and outcomes for hydrocephalus management.
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1 Introduction

Hydrocephalus is a neurological condition characterized by an abnormal cerebrospinal fluid (CSF) accumulation in the brain ventricles, leading to increased intracranial pressure. The clinical presentation of hydrocephalus varies widely across different age groups, presenting significant diagnostic and therapeutic challenges for healthcare professionals worldwide (Koleva and De Jesus, 2024; Yadav et al., 2012). This condition can be caused by various factors, including congenital anomalies, acquired diseases, and trauma, making it a complex disorder that requires individualized management strategies (Koleva and De Jesus, 2024; Yadav et al., 2012). Understanding the underlying cause of hydrocephalus is crucial for its effective treatment.

Obstructive hydrocephalus is one of the most common form of hydrocephalus, occurring when CSF flows within the ventricular system is blocked by an obstruction. This obstruction can result from congenital anomalies, including aqueductal stenosis and Chiari malformations or from acquired factors such as neoplasms (e.g., pineal region tumors, colloid cysts, and posterior fossa tumors), infectious affecting the central nervous system (e.g., meningitis and ventriculitis), and intraventricular hemorrhage (Turner, 2022; Yadav et al., 2012). The management of this conditions is dependent on the precise identification of the obstruction which may require advanced imaging techniques and tailored treatment approaches for each individual case (Yadav et al., 2012).

Normal pressure hydrocephalus (NPH) is another form of hydrocephalus that presents with symptoms such as gait disturbance, cognitive impairment, and urinary incontinence (Ishida et al., 2023; Nieto-Salazar, 2023). Unlike obstructive hydrocephalus, the underlying causes of NPH are multifactorial and not entirely understood, though neurodegenerative diseases and idiopathic alterations in arachnoid villi have been identified as contributing factors. In contrast to obstructive hydrocephalus, endoscopic third ventriculostomy (ETV) might not be one of the primary treatment options for NPH (Hakim et al., 2021; Ishida et al., 2023; Nieto-Salazar, 2023). As an alternative, NPH may be managed with other therapeutic interventions, including ventriculoperitoneal shunting, though the exact treatment approach remains an area of ongoing research.

ETV is an important treatment option for obstructive hydrocephalus, particularly in urgent care settings where rapid interventions is needed (Al-Tamimi et al., 2008; Morgenstern et al., 2011; Yadav et al., 2012). The procedure involves the establishment of an artificial shunt connecting the floor of the third ventricle to the prepontine cistern, allowing the CSF to bypass the obstructed areas and restore normal fluid flow (Jallo et al., 2005). The creation of this pathway is achieved through the insertion of a catheter using endoscopic techniques. The procedure begins with the surgeon carefully creating an initial burr hole at a designated entry point, usually in the frontal bone, and then inserting a rigid or flexible endoscope with a camera on its tip to visualize the brain structures (Jallo et al., 2005). The direction of the catheter should be toward the intersection point between a sagittal plane crossing the ipsilateral medial canthus and a coronal plane crossing 1 cm anterior to the tragus (Jallo et al., 2005). Upon reaching the anterior horn of the lateral ventricle, successful placement within the lateral ventricle is confirmed by observing the visible free flow of CSF from the external tip of the catheter confirms (Morone et al., 2020). Achieving this path may be particularly difficult to envision, mainly due to the three-dimensional nature of the description of the angulation, requiring, therefore, a high level of expertise (Lind et al., 2008). After reaching the interventricular foramen (of Monro), the mammillary bodies and infundibular recess should be identified in the attenuated floor (Jallo et al., 2005). The catheter proceeds into the third ventricle at a proper insertion depth of approximately 9 cm (Jallo et al., 2005), perforating its floor to enable CSF to flow into the pontine cistern. Any deviation from this pattern indicates potential misplacement within the brain parenchyma, requiring catheter redirection until it pierces the walls of the lateral ventricle (Jallo et al., 2005). Typically, this procedure is performed on the right hemisphere, as it is the most frequent non-dominant hemisphere in humans (Morone et al., 2020). Although when the right lateral ventricle morphology is compromised due to vascular and neoplasm pathologies such as hemorrhages and brain tumors, or previous surgical interventions, the left-sided approach offers an alternative route for CSF drainage or intracranial pressure monitoring (Mostofi and Khouzani, 2016).

Stereotactic guidance, MRI, and other imaging techniques can assist in guiding this procedure, especially in complex cases where the anatomy is difficult to navigate (Thomale et al., 2013; Thomale et al., 2018; Watanabe et al., 1987). Nonetheless, the availability of resources in the emergency room or time constraints might limit the use of these technologies in urgent care settings and, in such circumstances, Free-Hand ETV technique is commonly employed, which relies on anatomical landmarks for the most suitable and safe catheter entry point and endoscope inclination (O’Neill et al., 2008). One of the most frequently used landmarks for catheter insertion is the Kocher’s point, located in the frontal bone, which is placed at the midpupillary line, varying from 10 to 12 cm superior and posterior to the nasion, 2 to 3 cm lateral to the sagittal suture, and 1 to 3 cm anterior to the coronal suture (Aref et al., 2017; Morone et al., 2020; Woo et al., 2013). Additionally, differences in skull size, shape, and individual anatomy can impact its precise location and increase the risk of complications such as misplacement or failure to perforate the ventricles (Aref et al., 2017). Mispositioning of the catheter also occurs in up to 45% of cases in some reports (Lane and Akbari, 2022). Factors related to sex, age, and ethnicity can influence anatomical variations in cranial size and geometry influence the risk of catheter misplacement (Howells, 1973; Shah and Koirala, 2014). Notably, lateral ventricle size can vary significantly among individuals, both in cases of hydrocephalus and in those with structurally normal brains (Park et al., 2016).

The lack of standardized coordinates for this reference point has been associated with unperforated ventricles, along with various complications, including hemorrhage, infection, neurological injury due to fornix traction and compression, optic nerve damage, and basilar artery rupture (O’Leary et al., 2000), make it a significant medical condition that requires careful attention from healthcare professionals (Ujjan et al., 2022). As a result, continuous research efforts are crucial to enhance our understanding of the hydrocephalus mechanisms and enhance treatment outcomes. Considering its prevalence and the severity of its consequences, addressing hydrocephalus requires a concerted effort to advance our knowledge and develop more effective therapeutic strategies. This study seeks to establish a standardized and safe approach for Free-Hand ETV by defining a new pathway and proposing a novel entrance interval for the neuroendoscope.



2 Materials and methods

3D CISS and T2 SPACE Cranioencephalic MRIs were selected from the SClínico Hospitalar, SPMS© of Centro Hospitalar Universitário de São João (CHUSJ), a tertiary hospital in the Northern Region of Portugal. The study was approved by the Ethical Committee of the Centro Hospitalar Universitário São João/Faculty of Medicine of the University of Porto (no. 228/24). Patients were classified according to hydrocephalus status as hydrocephalic or non-hydrocephalic, based on diagnosis or suspicions written on the electronic medical records by Neurology, Neuroradiology and Neurosurgery specialists.

All patients with preoperative hydrocephalus were included in the study, regardless of its cause. Postoperative MRIs were excluded, as were scans from patients with conditions such as bone fractures, expansive or deforming lesions of the brain parenchyma or meninges, prior brain surgery or radiotherapy, compressive vascular lesions, hemorrhages distorting normal brain anatomy, or congenital brain or cranial deformities, such as Chiari malformation type 1. MRI scans acquired from August 2020 to October 2023 that met the inclusion criteria were selected.

Infratentorial lesions that did not cause any compression or distortion of the supratentorial parenchyma, pituitary agenesis, or non-compressive pituitary lesions were included in the control group, as long as they did not significantly affect the brain anatomy (parenchymal and ventricular disposition) (Guerreiro Stucklin and Grotzer, 2018). Age-related cortex atrophy and ventricular enlargement were not considered exclusion criteria, as these changes are common in hydrocephalus patients, who tend to be older. Patients with any vascular disease were included in the control group unless significant compression or gross anatomical distortion were detected. Meningeal lesions were included unless they caused compression or distortion of the brain parenchyma. Patients with psychiatric or movement disorders did not warrant exclusion.

Demographic data (gender and age) and MRI indications were documented for each patient; along with their hydrocephalus status. All measurements were performed by a single investigator and exclusively performed on the right hemisphere since it is typically the primary entrance side during ETV procedures to avoid the dominant hemisphere. A reference line was drawn through the interventricular foramen (of Monro), extending from the outer lamina of the skull bone to the tuber cinereum (Figure 1). To minimize any variation due to the brain and skull’s three-dimensional nature, each line was drawn at an angle as close to 90° with the cranial bone as possible. This line represented the expected trajectory of the neuroendoscope during surgery. The required depth of the neuroendoscope was measured along this line, and distances to key landmarks, including distances from the bone to the interventricular foramen (of Monro), and to the intersection of the pathway with the lateral ventricle wall (Figure 2). These measurements are valuable references in clinical practice for anticipating key milestones during procedures, including both the depth required to reach the interventricular foramen (of Monro) and in providing insight into when to expect the onset of free flow of CSF through the catheter insertion in the lateral ventricle in hydrocephalus patients (Ludwig et al., 2022).
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FIGURE 1
 T2 SPACE MRI imaging showing sagittal (A) and coronal (B) views of the brain hemispheres of a non-hydrocephalic patient with Parkinson’s disease. The full white line represents the delineated pathway of the neuroendoscope for each of the patients. A tangential plane to the entry point was drawn and intersected with the pathway line, marking the upper limit of the pathway (*). The arrow marks the point of intersection of the pathway with the interventricular foramen (of Monro). The tip of the arrowhead marks the intersection between the pathway line and its lower limit, the tuber cinereum. The angulation between the plane tangential to the entry point and the pathway was measured to verify the proximity of the angle to 90° in each patient. The dashed line between the intersecting full lines indicates the side at which the angle was measured. In this patient, the anterior angulation was 86.7° in the sagittal plane (A) and the lateral was 85.7° in the coronal plane.


[image: Figure 2]

FIGURE 2
 T2 SPACE MRI imaging showing a sagittal view of the brain hemisphere of a non-hydrocephalic patient with Parkinson’s disease. The full white line represents the delineated pathway of the neuroendoscope. The distances between the outer bone lamina (upper square) and the pathway intersections with the tuber cinereum (lower square), interventricular foramen (of Monro) (arrow), and lateral ventricle (arrowhead) were measured. In this patient, the measured depths were 86.1 mm, 72.4 mm, and 53.0 mm, respectively.


Entry point coordinates were assessed through a tangential transversal plane (Figure 3) by measuring distances from the coronal and sagittal sutures to the entry point by following two perpendicular lines that intersected at the location point (Figure 4). Negative values indicated entry points positioned anterior to the coronal suture or laterally to the left of the sagittal suture. Safe distances to the motor cortex and superior frontal gyrus were also assessed by measuring the perpendicular distance between the surgical pathway and the precentral sulcus (on the sagittal plane) and superior frontal sulcus (on the coronal plane). Depending on the variable considered, negative values indicated the pathway was positioned anterior to the precentral sulcus and lateral to the superior frontal sulcus. Angulations and distances were analyzed using Brainlab Elements software (version 6.0, Brainlab AG©) for the sagittal and coronal planes and Sectra Workstation IDS7 software (version 24.1.10.5437, Sectra AB©) for other measurements. Angulation was measured relative to the anterior commissure-posterior commissure plane (AC-PC plane), where positive values indicated a direction toward the posterior half of the skull in the sagittal plane, and negative values indicated an anterior direction. Similarly, negative values in the coronal plane indicated an inclination toward the left half of the skull.

[image: Figure 3]

FIGURE 3
 T2 SPACE MRI imaging showing sagittal (A) and coronal (B) views of the brain hemispheres, and transversal (C) view of the skull of a non-hydrocephalic patient with Parkinson’s disease. The full white line represents part of the delineated pathway of the neuroendoscope, and the depth up to the lateral ventricle wall is still shown (53.0 mm). The upper square marks the entry point on the outer bone lamina in A and B. A line was drawn perpendicular to the pathway and passed through the entry point (white square), as seen in A and B. C shows the image as seen from above.
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FIGURE 4
 T2 SPACE MRI imaging showing a transversal view of the brain hemispheres and part of the skull of a non-hydrocephalic patient with Parkinson’s disease. The sagittal suture is marked with short, horizontal arrows, and the coronal suture is marked with long, vertical arrows. Due to the nature of the plane used, it is impossible to show the entire skull with both sutures at the same time, and part of the brain hemispheres are visible. The sagittal suture can be seen overlapping the superior sagittal sinus (marked as *). The longest horizontal and vertical lines were drawn to intersect at the established entry point. From this intersection, the perpendicular distance was measured relative to the coronal suture (vertical white line) and the sagittal suture (horizontal white line). In this case, the measured distances were 8.0 and 15.7 mm, respectively.


These measurements, referred to as “surgical parameters,” are essential for defining a safe and effective approach to ETV. Additionally, the maximum width of the anterior horns of the lateral ventricles and the maximum diameter of the inner skull were measured (Figure 5). The Evan’s Index, defined as the ratio of the maximal width of the frontal horns to the maximum inner skull diameter, was used to assess ventricular size in NPH patients, serving as a valuable tool for standardizing ventricle size relative to the skull size in individuals (Howells, 1973).
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FIGURE 5
 T2 SPACE MRI imaging showing a transversal view of the brain hemispheres of a non-hydrocephalic patient with Parkinson’s disease. The plane for this section is horizontal. Both lateral ventricles can be viewed. The lateral extremities of the upper white line mark the greatest distance between the anterior horns of the lateral ventricle. The lower white line’s lateral extremities mark the inner maximum diameter of the skull. In this case, the measurements of each line were 36.9 mm and 125.1 mm, respectively. These measurements were then used to calculate Evan’s Index.


To account for age-related brain degeneration, typically after the age of 50 to 60 years (a decrease of gray matter and a rate of increase of the brain ventricles), though in some cases degenerative process starts earlier (somewhere between 30 and 40 years of age) (Kaye et al., 1992; Peters, 2006), patients were divided into two groups: those aged 50 years or younger (to include early degenerative changes) and those older than 50 (to capture more advanced changes). This cutoff was chosen to maintain a balanced sample size across both groups.

Statistical analysis was done using SPSS (IBM Corp. Released 2022. IBM SPSS Statistics for Windows, Version 29.0. Armonk, NY: IBM Corp), with a significance level set at α = 0.05. Descriptive statistics, including means and standard deviations (or medians and 25th and 75th percentiles, as appropriate), were presented for continuous variables, while categorical variables were presented as absolute counts and proportions. Differences between the hydrocephalic and control groups (demographic variables and surgical parameters) were compared using independent samples t-tests (or the non-parametric Mann–Whitney-U test) and the chi-squared test, as appropriate.

In the hydrocephalus group, Pearson’s correlation (or Spearman’s rank correlation, according to the distribution of the variables) were used to explore associations between the different surgical parameters. Multivariate linear regression models, including sex (female being the reference category), age (≤ 50 years as the reference category), and Evan’s Index (as a continuous variable) as covariates, were fitted for each surgical parameter to adjust for potential confounders. Considering the lack of relevant associations in univariate or bivariate correlations analysis, linear regression model was not performed for variables with highly skewed distribution (e.g., distances to the coronal suture or to the superior frontal sulcus), and correlations were used instead.



3 Results

A total of 187 MRIs were selected for analysis. Within this dataset, 157 MRIs (84%) were of patients exhibiting no discernible structural abnormalities within the hemispheres, ventricular system, or skull. The remaining 30 MRIs (16%) were of patients presenting with hydrocephalus (see Table 1).



TABLE 1 Descriptive data of the overall studied sample.
[image: Table1]

Seven of the selected MRIs were acquired using CISS sequencing, and the remaining 181 were obtained using T2 SPACE weighting. Four out of the 187 MRIs could not be accessed through the Brainlab Elements software, preventing the identification of the distance to the precentral and superior frontal sulci. Consequently, four data entries were missing for these variables, with one belonging to a hydrocephalic patient.


3.1 Demographic information

Of the selected patients, 98 (52.4%) were women and 89 (47.6%) were men, of which 15 women (15.3%) and 15 men (16.9%) were previously diagnosed with hydrocephaly. The mean age of the overall studied population was 56.05 years, with a standard deviation of 14.588 years. The ages of the included patients ranged from 19 to 87 years of age. There were no statistically significant differences in the distribution of hydrocephalic and non-hydrocephalic patients as far as sex (p = 0.773) and age categories (p = 0.935) are concerned (see Table 1).



3.2 Underlying pathologies

The different underlying pathologies of patients in the control group are listed in Table 2. Among these patients, a significant portion (55.4%) were patients with severe Parkinson’s disease which underwent preoperative MRI scans for Deep Brain Stimulation. The remaining 44.6% encompassed patients with diverse vascular pathologies (like arteriovenous malformations or vascular aneurisms), as well as neoplastic (namely cystic pituitary gland or other disorders of this gland, among others), psychiatric (including obsessive-compulsive disorder and dementia), and neurological disorders, including other non-parkinsonian movement disorders.



TABLE 2 Underlying pathologies in hydrocephalic and non-hydrocephalic patients.
[image: Table2]

In contrast, patients diagnosed with hydrocephalus exhibited mainly brain tumors as the primary cause, with some cases attributed to normal pressure hydrocephalus (see Table 2). For discriminated underlying pathologies for both groups, consult the supplementary material.



3.3 Depth up to the tuber cinereum

For hydrocephalus patients, the mean depth of the neuroendoscope for hydrocephalus patients (mean = 93.520 mm, standard deviation = 7.228 mm) is significantly larger than that of control group patients (mean = 88.543 mm, standard deviation = 3.949, p = 0.001). Cohen’s d of −1.077 denotes a large effect size, indicating a substantial difference between groups. The range of depth for the studied hydrocephalic patients is between 81.6 and 108.9 mm (see Table 3).



TABLE 3 Comparison of surgical parameters between non-hydrocephalic and hydrocephalic patients.
[image: Table3]



3.4 Depth up to the ventricle wall

The mean depth up to the lateral ventricle wall for hydrocephalus patients is 38.787 mm, suggesting a notably shorter average distance (p < 0.001) than for the control group (mean = 53.482 mm). However, the broader standard deviation (standard deviation = 7.057 mm) indicates a considerable increase in variation around the mean, which might be explained by the individual differences in the deformities of the normal brain anatomy according to the severity of the hydrocephalus (see Table 3).



3.5 Distance to the sagittal suture

There are also significant differences (p = 0.014) in mean perpendicular distances to the sagittal suture between patients with hydrocephalus (mean = 18.957 mm; standard deviation = 8.608 mm) and patients from the control group (mean = 14.730 mm; standard deviation = 5.521 mm), whose mean is notably smaller. The minimum and maximum measured distances were 2.8 mm and 42.0 mm. Cohen’s d of −0.692 denotes a medium effect size between groups. However, a lateral deviation of approximately 4 mm in the entry point, as seen by the difference between these means, could be considered noticeable in clinical practice.



3.6 Distance to the superior frontal sulcus

The median distances to the superior frontal sulcus are also significantly different (p = 0.014) between hydrocephalus patients (median = 7.00 mm) and the control group (median = 10.00 mm). However, Cohen’s d is 0.370, suggesting this variable has a small effect size between groups. A quarter of patients has a distance of 0 mm to the superior frontal sulcus or a negative value in these variables (as defined per convention in the methods section), suggesting either direct adjacency to this landmark or a lateral position to the sulcus. In contrast, 75% of patients have a distance of 11.5 mm or less to the superior frontal sulcus (see Table 3).



3.7 Coronal plane angulation

As for the average angulation measured in the coronal plane of the pathway, there are statistically significant differences between means (p = 0.005). Although Cohen’s d indicates a large effect size of this variable (d = 0.860), in clinical practice, the difference between the estimated mean for hydrocephalic patients (mean = 10.982°; standard deviation = 6.119°) and the control group (mean = 7.498°; standard deviation = 3.533°) will most likely not be distinguishable to the naked eye. The angulation ranges from 0.9° to 25.5° in hydrocephalic patients, and a protractor may be required during the procedure (see Table 3).

The remaining variables under examination did not demonstrate statistically significant differences between the groups, as indicated by p-values greater than 0.05.



3.8 Sagittal plane angulation

Hydrocephalic patients display a broad spectrum of sagittal plane angulations, spanning from −10.5° to 10.6°, with variations centering around the value 0. The mean angulation for hydrocephalic patients (mean = 2.549°) and non-hydrocephalic patients (mean = 2.237°) were closely aligned, suggesting a prevalent posterior inclination in both groups. Consequently, the orientation of the neuroendoscope can vary, allowing for either anterior or posterior inclination based on the specific characteristics of each patient (see Table 3).

The study reveals notable findings, including a significant positive correlation with the coronal angulation (p = 0.016, r = 0.437, see Table 4). This suggests that as the endoscope becomes more horizontal in the coronal plane, its alignment in the sagittal plane also tends toward a horizontal orientation.



TABLE 4 Correlation between surgical parameters in patients presenting with hydrocephalus.
[image: Table4]



3.9 Distance to the coronal suture

Across the hydrocephalic group, the median distance from the entry point to the coronal suture is 10.55 mm. No statistical differences were noted between hydrocephalic and non-hydrocephalic groups. The entry point was quite close to the coronal suture in most patients, with 50% of the patients presenting a distance to this suture between 4.10 mm and 15.10 mm. Most entry points lie within a distance of about 15 mm from the cranial suture, with only a quarter of them surpassing this value (see Table 3).

Furthermore, the entry point distances toward the coronal and sagittal sutures did not exhibit a significant relationship between themselves (p = 0.173), indicating that, although one might increase, the other might not change accordingly (see Table 4).



3.10 Distance to the precentral sulcus

The computed range for the hydrocephalic patients was 0.00 to 39.00 mm. Attention should be focused on the fact that the minimum value of this range is not negative, indicating that the pathway does not extend anterior to this sulcus in any of these patients (see Table 3).

Surprisingly, a moderately negative correlation exists between the distance to the precentral sulcus and the entry point distance to the sagittal suture (r = −0.461, p = 0.012). This finding suggests that as the distance to the sagittal suture increases, a corresponding decrease occurs in the distance to the precentral sulcus. Conversely, no significant association was found for the distance to the coronal suture (p = 0.521), indicating that alterations in one distance do not necessarily influence the other.

Consequently, an indirect relationship between the distances toward the precentral sulcus and the sagittal suture might be at play, with adjustments in coronal and sagittal plane angulations serving as intermediate steps in this complex relationship. Not so surprisingly, a statistically significant association, although weak, is present between the precentral sulcus and the sagittal plane angulation (r = −0.372, p = 0.047). As for the depth up to the lateral ventricle wall, no association is present (p = 0.088), meaning that a deformity of the brain parenchyma severe enough to reduce this distance significantly does not result in a change in the distance to the precentral sulcus. As for the coronal plane angulation, no association exists with the distance to the precentral sulcus (p = 0.426). For correlations with the distance to the precentral sulcus, refer to Table 4.



3.11 Evan’s index

There was a statistically significant difference in the distribution of patients with and without hydrocephalus between each Evan’s Index category (p < 0.001). Evan’s Index for hydrocephalus patients (mean = 0.375; standard deviation = 0.070) and for the control group (mean = 0.262; standard deviation = 0.024). Nevertheless, three of these patients did not cross this cut-off, despite the diagnosis, as opposed to 12 non-hydrocephalic patients who crossed over it (see Table 1).

The sagittal and coronal angulations did not correlate significantly with Evan’s Index (p = 0.124 and p = 0.568, respectively). However, a notable finding emerged concerning the distance toward the precentral sulcus, which displayed a moderately negative association with Evan’s Index (r = −0.408; p = 0.028). This negative association implies that in individuals with larger ventricles relative to the maximum skull diameter, albeit not as markedly enlarged in absolute terms compared to others with broader skulls, there is a reduction in the distance to the precentral sulcus. Consequently, a higher risk of the perforation of the motor cortex might be at stake.

Furthermore, a significant moderately positive association between the distance of the entry point to the sagittal suture and Evan’s Index is present (r = 0.430, p = 0.018), indicating that the entry point deviates laterally as the size of the lateral ventricles increases.

For correlations with Evan’s Index, refer to Table 4.



3.12 Multiple linear regression models

Multiple linear regression models were employed to examine the influence of various factors on several surgical parameters. Notably, for the depth of the neuroendoscope, significant associations were observed with both age (p = 0.027) and Evan’s Index (p = 0.001), while sex showed no statistically significant relationship (p = 0.322). This suggests that age is a significant determinant, as individuals aged over 50 years tend to have, on average, shallower depths by 5.905 mm compared to their younger counterparts, even after adjusting for sex and Evan’s Index. Additionally, Evan’s Index exhibited a notable independent effect, indicating that for every 0.1 increase in Evan’s Index, the depth of the neuroendoscope increased on average by 5.8911 mm.

Similarly, when investigating the distance to the interventricular foramen (of Monro), a significant relationship with Evan’s Index was found after adjusting for potential confounding effects from age and sex (p = 0.003), indicating an average increase of 4.409 mm for every 0.1 unit of Evan’s Index. However, neither sex nor age significantly affected this particular surgical parameter (p = 0.178 and p = 0.138, respectively).

Conversely, concerning pathway angulations, a borderline significant association was found between sex and sagittal plane angulation (p = 0.042), suggesting that males may exhibit a more acute posterior angle than females, with an angle 2.383° smaller, on average. However, no similar relationship could be extrapolated for the coronal plane angulation (p = 0.370). Age also exerted a significant effect on the posterior angulation (p = 0.006) and coronal plane angulation (p = 0.020), with patients aged over 50 years displaying increases of 3.784° in the sagittal plane angulation and increases of 6.032° in coronal plane angulation, when compared with their younger counterparts. Evan’s Index did not exhibit a significant association with either angle (p = 0.226 and p = 0.876, respectively), emphasizing the distinct influence of patient demographics on these anatomical measurements.

Lastly, for the distances between the entry point and cranial sutures, Evan’s Index emerged as a significant predictor for the distance to the sagittal suture (p = 0.027), and the distance to the precentral sulcus (p = 0.037). A mean increase of 5.073 mm in the sagittal suture and a decrease of 4.561 in the distance toward the precentral sulcus was demonstrated for each increase of 0.1 units in Evan’s Index. As for sex and age, no statistically significant association was found with the distance to the sagittal suture (p = 0.518 and p = 0.555, respectively) and the distance to the precentral sulcus (p = 0.537 and p = 0.987, respectively).




4 Discussion

The following section provides a comprehensive analysis and interpretation of the gathered data from the present research to shed light on relevant risks and considerations of the established novel pathway and respective entry point interval for ETV in urgent care of hydrocephaly.

We also explore the interplay between several surgical parameters and demographic data of the sample, including age and sex, as well as the relative size of the lateral ventricles. The synthesis of these findings not only elucidates the intricate dynamics at play, but also might provide valuable insights into patient-oriented decision-making.


4.1 Methodology

A potential bias in the hydrocephalus group arises from excluding postoperative hydrocephalus patients, as the severity and individual characteristics of hydrocephalus can differ significantly between preoperative and post-operative contexts. However, since most ETV patients typically undergo preoperative brain imaging, the MRIs obtained from CHUSJ system likely represent a comprehensive subset of individuals, mitigating bias to some extent by the uniformity in preoperative imaging practices among hydrocephalus patients undergoing ETV.

The control group selection, based on MRIs from patients with suspected underlying pathologies other than hydrocephalus might not entirely reflect the general population. To address this, exclusion criteria were applied to eliminate pathologies causing significant deformation of brain and ventricle anatomy. However, this group may still overrepresent older and more ill individuals, as young and healthier people are less prone to need brain MRIs. Nevertheless, these differences should not be interpreted as bias, as hydrocephalus primarily affects older people. Given the intra-hospital context and retrospective nature of this study, selecting individuals without any pathology is unlikely.

Strengthening the conclusions, the sample encompassed all hydrocephalus cases regardless of underlying etiology, acknowledging that treatment modalities can vary based on the specific type of hydrocephalus. While NPH is typically managed with a ventriculoperitoneal, ventriculoatrial or lumboperitoneal shunt rather than an ETV (Hakim et al., 2021; Ishida et al., 2023; Nieto-Salazar, 2023), some studies have already shown positive results for ETV management in patients with normal pressure hydrocephalus (Komlakh et al., 2022; Komlakh et al., 2023). ETV is also indicated for obstructive hydrocephalus, including cases involving tumors and hemorrhage, though the primary treatment for tumors usually involves excision rather than ETV (Yadav et al., 2012). Nonetheless, ETV remains crucial in life-threatening situations, or when delayed surgical scheduling is necessary.

As a result, not all cases in the present study were primary candidates for ETV. Our focus was to evaluate surgical parameters in the presence of anatomical distortion caused by enlarged ventricles. Therefore, our findings remain pertinent for understanding the impact of ventricular size during the procedure, despite the heterogeneity in hydrocephalus etiologies within our sample.

Finally, a single-investigator analysis might also be seen as a drawback in this study. Separate measurements conducted by multiple investigators, with subsequent calculation of the mean for each parameter, might yield more accurate results.



4.2 Baseline data

Besides age and sex, variation in skull morphology, namely due to anatomical differences between ethnicities, might have a role in variations of Evan’s Index and surgical parameters (Fleseriu and Karavitaki, 2018; Howells, 1973; Komlakh et al., 2022; Techataweewan et al., 2018). Age-associated disparities were assessed by categorizing patients according to a cutoff of 50 years. Statistical analysis revealed no significant difference in age distribution between hydrocephalic and non-hydrocephalic patients.

The age distribution among non-hydrocephalic patients skews toward individuals aged over 50 years. This phenomenon arises from the lower frequency of MRI scans performed among younger individuals for diagnostic purposes due to lesser susceptibility to central nervous system disorders or disorders of other nature compared with older individuals. Consequently, in this sample, individuals without hydrocephalus may exhibit higher Evan’s Index values compared with the general population due to age-related atrophy of the brain (Kaye et al., 1992; Komlakh et al., 2023; Peters, 2006).

Therefore, it is crucial to acknowledge that these findings might not fully represent the broader population, as the studied sample might potentially overrepresent older people.

However, considering our primary focus on hydrocephaly treatment, which predominantly affects older individuals (Abdelmowla and Essa, 2019; Edwards et al., 2004; Isaacs et al., 2018), comparing the hydrocephalus sample with an older population is vital for drawing valid comparisons, given that no statistical significance between age categories is present.



4.3 Depth up to the tuber cinereum and depth up to the ventricle wall

The neuroendoscope depth to the tuber cinereum in the studied hydrocephalic patients ranged from 8 to 11 cm, while the mean depth to the ventricular wall was approximately 4 cm, significantly different from non-hydrocephalic patients (see Table 3). An important association was found between the depth to the tuber cinereum and Evan’s Index, even after adjusting for age and sex variables (see Table 5). For every 0.1 unit increase in Evan’s Index, the depth tends to increase by approximately 6 mm, while the distance to the ventricular wall decreases by about 7 mm. This inverse proportion relationship may allow surgeons to predict the depth at which the neuroendoscope tip perforates the tuber cinereum according to the penetration depth at which CSF starts to flow, allowing intraoperative adjustment of their approach and avoiding over or underpenetration during the procedure. Moreover, individuals over 50 years tend to exhibit, on average, a shorter depth up to the tuber cinereum, even after accounting for sex and Evan’s Index differences, with a mean decrease of about 6 mm.



TABLE 5 Multiple linear regression models for different surgical variables, according to age, sex, and Evan’s Index.
[image: Table5]

Considerable variations between minimum and maximum values of the distance to the lateral ventricle wall (approximately 1.5 cm and 8 cm, respectively) reflect the diverse patterns of anatomy distortion due to hydrocephalus. Therefore, further studies are necessary to refine and establish a narrower distance interval for the initial free flow of CSF. Such refinements will further enhance its relationship with Evan’s Index and its predictive value regarding the depth to reach the tuber cinereum, increasing surgical precision for already promising results.

Jallo et al. (2005) describe a distance of approximately 9 cm from the dura mater to the floor of the third ventricle when inserting the endoscope 3 cm lateral to the sagittal suture and above the coronal suture. Despite variations in entry points, this distance overlaps with the mean depth of 93.520 mm. In contrast, Morone et al. (2020) and Woo et al. (2013) suggest a 6 cm depth from Kocher’s point. While this shorter distance may seem advantageous in reducing the amount of brain parenchyma perforated, this approach demands significant spatial orientation from the surgeon, as the description of the angulation and entry point may prove challenging to visualize, as elaborated upon in the subsequent discussion section (Morone et al., 2020).



4.4 Depth up to the interventricular foramen (of Monro)

The variation of the depth to the tuber cinereum is accompanied by a variation of the distance to the interventricular foramen (of Monro), with a range of approximately 6.5 to 9 cm and a mean of 7.5 cm. This suggests that surgeons can anticipate the crossing of the interventricular foramen (of Monro) at around 7.5 cm, offering a somewhat predictable landmark during the procedure for enhanced surgical planning, albeit its evident wide range. However, individual anatomical variations and underlying pathology may still affect the precise depth reached during surgery. In patients with hydrocephalus, an average increase of about 4 mm occurs for each increase in 0.1 units of Evan’s Index, after adjusting for sex and age (see Table 5). Thus, while the consistency in reaching the interventricular foramen (of Monro) might be promising, surgeons must remain adaptable to subtle intraoperative nuances to ensure optimal outcomes.

The mean for non-hydrocephalic patients was about 7 cm. No statistically significant differences were seen between hydrocephalus groups (see Table 3). This suggests that, despite the development of hydrocephalus increasing the depth up to the tuber cinereum compared to a structurally normal brain, the interventricular foramen (of Monro) is as distant, on average, as for non-hydrocephalic patients.



4.5 Pathway angulation

The sagittal plane angulation in hydrocephalic patients ranged from −10.5° to 10.6°, averaging at about 2.5°, and highlights notable variation in the angulation of the endoscope. Therefore, a difference of 22° in anteroposterior inclination is present between measured extremes, corresponding roughly to 11° on each side (see Table 3). It is worth noting that the sagittal angulation tends to exhibit a posterior deviation with age, with patients over 50 years showing an increase of about 4° (see Table 5). Since the range centers around 0° with a slight posterior inclination among the sample, aligning the neuroendoscope with a perpendicular line passing through the AC-PC plane, with a minor posterior adjustment may facilitate the procedure. Hence, considering an age-related trend in hydrocephalus (Isaacs et al., 2018), it is advisable to prioritize a slight posterior inclination in initial attempts. Further adjustments to the direction of the neuroendoscope might be required if failure to reach the pavement of the third ventricle is apparent.

Although preoperative assessment of the AC-PC plane may pose a drawback, patients typically undergo prior imaging for diagnostic purposes, eliminating the need for additional scans. Alternatively, rapid imaging techniques like cranioencephalic computed tomography scan can swiftly evaluate the AC-PC plane in cases where pre-existing images are unavailable.

In the coronal plane, hydrocephalic patients exhibited a wide range of angulation (1° to 26°, with an average of 11°), differing significantly from non-hydrocephalic patients, contrary to the sagittal plane angulation (see Table 3). Arguably, while the observed range of angulation may appear large for both the side-to-side and anteroposterior inclinations, the range and the differences between groups reflect the complex interplay of anatomical, clinical, and surgical factors inherent in endoscopic procedures and the underlying pathology.

As established by a positive moderate Pearson’s correlation coefficient, if there is any non-desirable deviation of the coronal plane angulation, slight modifications of the sagittal angle may be required, and vice-versa (see Table 4). Similarly to the sagittal plane angulation, the coronal plane angulation showed age-related variations, with individuals over 50 exhibiting approximately 6° more lateral tilt when compared to younger individuals, accompanied by a slight increase of 4° in the sagittal angulation. Both angulations, they also increase with age. However, interestingly, neither sagittal nor coronal angulations were significantly associated with Evan’s Index, suggesting that the size and deformation of the ventricles does not influence the tilt angle of the endoscope during the procedure unless other factors, such as older age, are at play (see Table 5). While there is a small notable difference in sagittal plane angulation between sexes, with a seemingly negative effect for women (r = −2.383), the reliability of this correlation in our study may be compromised, as seen by its borderline p-value (p = 0.042). Therefore, further studies with a larger sample of hydrocephalic patients are warranted to compare the association between sexes and anteroposterior angulation.

Regarding a Kocher’s point approach, surgeons should aim for a perpendicular angle to the intersection of lines drawn from the ipsilateral medial canthus and external auditory meatus (Morone et al., 2020). However, achieving this precise angle presents challenges during the procedure (Abdoh et al., 2012). Surgeons may encounter difficulty in accurately visualizing and executing the perpendicular angle, potentially resulting in errors in catheter placement (Abdoh et al., 2012). Moreover, instrument manipulation within confined spaces is often necessary to achieve the desired angle, further limiting visibility during the procedure and increasing the risk of inaccurate placement (Morone et al., 2020). These challenges underscore the complexity of using Kocher’s point as a reference for catheter insertion, highlighting the need for careful consideration and expertise in ventriculostomy procedures (Morone et al., 2020).

The superficial angulation, in this case, was guaranteed to be as close to 90° as possible. As such, this concern is anticipated to be minimal in most patients, since no individuals had a superficial angulation inferior to 80° on both planes. Furthermore, the angulation measurements were also taken with respect to the AC-PC plane, considering the potential application of these measurements in ETV procedures with concurrent neuronavigation, a crucial aspect in contemporary surgical techniques.



4.6 Entry point coordinates

The entrance point in hydrocephalic patients was determined based on perpendicular distances to the sagittal and coronal sutures, with average coordinates of 2 cm and 1 cm, respectively. The location of the entry point is less than 4.1 mm away from the coronal suture in a quarter of patients, suggesting relative proximity to this suture. Similarly, the 75th percentile reveals that three-fourths of the entry points are positioned within 15.10 mm of the suture (see Table 3). Therefore, most entry points lie within a distance of about 1.5 cm from the coronal suture, with only a quarter of them surpassing this value. This proximity facilitates visual identification by the surgeon. The distance to the sagittal suture varied widely ranging from 2.8 mm to 42.0 mm (see Table 3). No correlation was revealed between the two coordinates of the entry point (see Table 4); indicating that a change in one coordinate does not necessarily correspond to a change in the other.

This variability constitutes a challenge in targeting specific anatomical structures or lesions during the procedure, potentially leading to suboptimal surgical outcomes or necessitating additional adjustments intraoperatively. Additionally, the broad range increases the risk of encountering critical structures or causing accidental damage during endoscope insertion (Lane and Akbari, 2022; O’Leary et al., 2000) and, thus, the precise knowledge of the anatomical area is also fundamental (da Silva et al., 2024; Fernandes-Silva et al., 2021).

Despite these challenges, it should be noted that this variability encompasses the diverse spectrum of anatomical variations and complexities encountered in clinical practice due to hydrocephalus. For instance, a 0.1 unit increase in Evan’s Index leads to an average increase of 5 mm increase in distance from the sagittal suture, indicating that severity of the hydrocephalus status leads to the increase in distance (see Table 5). Further studies are warranted, including investigations into variation in distance according to etiology, to refine and narrow the range of this entrance point and to enhance precision and safety in endoscopic procedures, ultimately improving patient outcomes. Yadav et al. (2012) and Jallo et al. (2005) describe a narrower entry point range, typically 2.5 to 3 cm lateral to the sagittal suture and over or anterior to the coronal suture. However, the maximum measured distance to the sagittal suture was 4 cm, and its lower limit was 3 mm, exceeding the range proposed by those studies. A mean distance to the sagittal suture of 1.8 cm reinforces this proposition. Consequently, a significant part of our patients likely did not have entry points within this specified range.

For the coronal suture, the median distance was 10.55 mm, with half of the hydrocephalic patients having an entry point between 4.10 mm and 15.10 mm away from this landmark. While most points were typically located posterior to the coronal suture, approximately a quarter of the entry points were less than 4 mm, potentially indicating that some entry points were located anteriorly to the coronal suture. However, the minimum value observed was 0 mm, meaning that some entry points were directly over the coronal suture, and no entry point was anterior to it. This contributes to standardizing the procedure, as it suggests that the approach should consistently be posterior to this suture, contrary to what is described in the following works.

The majority of documented entry points for ETV are situated anterior to the coronal suture. Aref et al. (2017) explored a new entry point located 4 cm anterior to the coronal suture. Despite yielding statistically significant and promising outcomes, with 95.4% of patients undergoing a successful ETV procedure and a low associated complication rate (7.6%), the authors caution that the risk of motor cortex injury and associated sequelae due to fornix traction should prompt surgeons to employ neuronavigation when employing this approach, pending further validation through additional studies.

In contrast, Morone et al. (2020) and Woo et al. (2013) describe Kocher’s point as being located at the mid-pupillary line, ranging from 11 cm superior and posterior to the nasion, 3 cm lateral to the sagittal suture, and 1 to 2 cm anterior to the coronal suture. However, Aref et al. (2017) define this point as being 1 cm anterior to the coronal suture and along the mid-pupillary line without further elaboration regarding the sagittal suture. This description is quite difficult to visualize in three dimensions and requires the surgeon to have a good spatial orientation. Besides that, this range does not apply to the entry points measured in the location points of our patients. Other entry points are reported by Morone et al. (2020) but they are not as commonly used during ETV.



4.7 Distances to precentral and superior frontal sulci

The distance analysis to the superior frontal sulcus focused on patients with hydrocephalus, as statistically significant differences were observed compared to the control group. The median distance of 7 mm suggests that, on average, the entry points are situated at a small distance from the superior frontal sulcus. This proximity suggests that the entry points are relatively close to this crucial anatomical landmark within the brain. Conversely, the 75th percentile value of 11.5 mm indicates that the majority of entry points are located within a relatively short, although still safe, distance from the superior frontal sulcus. This range suggests that most patients have entry points that are situated close to this sulcus but still with a safe margin to avoid direct interference.

However, the presence of cases where the distance is 0 mm or less at the 25th percentile denotes a closely located or sagittal suture overlapping entry point in a subset of patients. This scenario raises concerns, namely regarding a potentially higher damage to the superior frontal gyrus during the procedure, as further proved by the minimum measured value in hydrocephalic patients of −18 mm, i.e., almost 2 cm lateral to this sulcus (see Table 3).

Damage to the superior frontal gyrus can lead to impairments in cognitive functions associated with the superior frontal gyrus, such as working memory performance, including spatial orientation, manipulation, monitoring, and decision-making (Alagapan et al., 2018; Jurado and Rosselli, 2007). Surgeons, therefore, must carefully assess the potential risks, notably deficits in working memory, and benefits, such as alleviating acute symptoms or preventing further deterioration (Alagapan et al., 2018; Jurado and Rosselli, 2007). Consequently, further studies should be conducted to evaluate the risks associated with this procedure regarding the perforation of this gyrus.

As for the precentral sulcus, the distance for patients presenting with hydrocephalus ranged from 0 to approximately 4 cm (see Table 3). Therefore, the drawn pathway avoids crossing over this sulcus in every hydrocephalic patient of this sample. In some patients, however, the pathway overlaps the sulcus, as shown by a distance of 0 mm. While theoretically, no deficits should be expected from this overlapping, further clinical studies are necessary to validate this association and ascertain the lack of risk of perforating the motor cortex. No significant differences are present in the distance to the precentral sulcus between hydrocephalic and non-hydrocephalic groups. Given that the current range does not encompass negative values, if future studies confirm the safety of this range regarding motor cortex lesions, it could also imply safety for hydrocephalic patients with ventricle anatomy closer to that of a structurally normal brain. A correlation established between the distance to the precentral sulcus and the distance to the sagittal suture suggests that as the distance to the sagittal suture increases, there is a corresponding decrease in the distance to the precentral sulcus (see Table 4). Furthermore, an indirect relationship between the distances toward the precentral sulcus and the sagittal suture might exist, with adjustments in coronal and sagittal plane angulations potentially serving as intermediate steps.

There was no association between the distance from the bone to the lateral ventricle wall and the precentral sulcus, suggesting that significant brain parenchyma deformities do not necessarily affect the distance to the precentral sulcus. At first glance, one might think there is no increased risk of perforation. However, the distance to the precentral sulcus shows a moderately negative association with Evan’s Index (see Table 4). The negative association implies that individuals with larger ventricles relative to the maximum skull diameter have a reduced distance to the precentral sulcus, potentially indicating a higher risk of perforating the motor cortex. This risk might be more significant in shorter people and women, whose skulls tend to be slightly smaller (Biswas et al., 2015), although further studies are needed to better assess this relationship.



4.8 Evan’s Index

To assess the impact of ventricle sizes on the measured surgical parameters, Evan’s Index was employed to normalize for variations attributed to variations in skull diameter (Alagapan et al., 2018). Despite its widespread use, Evan’s Index has some limitations (Toma et al., 2011; Zhou and Xia, 2022). One such drawback is the susceptibility of measurements to variations according to imaging planes and angles while assessing the maximum width of the cranium and frontal horns of the lateral ventricles (Toma et al., 2011; Zhou and Xia, 2022). Despite these limitations, Evan’s Index remains the most commonly used ratio for evaluating relative ventricular size, particularly in patients with normal pressure hydrocephalus (Zhou and Xia, 2022).

However, several considerations warrant caution in the interpretation of these findings. Despite the observed statistical significance for differences between Evan’s Index categories, it is essential to acknowledge the presence of overlapping Evan’s Index values between hydrocephalic and non-hydrocephalic patients. Three hydrocephalic patients who fall below the established Evan’s Index threshold of 0.3 were identified, raising questions about the sensitivity of this measure and its ability to capture variability in ventricular size across diverse patient populations (see Table 1). This overlap implies, therefore, that Evan’s Index alone may not be entirely indicative of hydrocephaly in all cases, which goes in line with other studies that defend a comprehensive approach for diagnosis, including incorporating additional clinical data and age and sex-focused cut-offs (Brix et al., 2017; Pradhan et al., 2021; Vudhivanich and Tarathipayakul, 2022; Zhou and Xia, 2022), as well as other alternative Evan’s Index measurement methods (Zhou and Xia, 2022).

Nevertheless, the Chi-Square test offers compelling evidence supporting Evan’s Index as a discriminative factor between individuals with and without hydrocephalus. Moreover, the mean Evan’s Index value for patients with hydrocephalus significantly exceeded that of the control group, reinforcing the association between an Evan’s Index ≥0.3 and the presence of hydrocephalus. Despite its utility, while Evan’s Index offers valuable insights, clinicians should exercise it cautiously and consider supplementary diagnostic modalities alongside Evan’s Index to ensure thorough patient evaluation (Toma et al., 2011).

Twelve out of 157 non-hydrocephalic patients also surpassed the 0.3 threshold, denoting the lower specificity of Evan’s Index (see Table 1). This trend may stem from a combination of factors, including variations in skull morphology and dimensions, albeit the anticipated predominant role of brain atrophy due to the increased age of the studied sample (Markov et al., 2022; Missori et al., 2016; Vudhivanich and Tarathipayakul, 2022).




5 Conclusion

This study examines an alternative approach to ETV by focusing on a new entry point, pathway depth, and its relationship with key surgical landmarks. We propose an entry point located posterior to the coronal suture, avoiding the precentral sulcus. This method may reduce the risk of motor cortex lesion and fornix traction compared to anterior entry points, though further studies are necessary to validate its efficacy in clinical practice. Additionally, we highlight the need for additional investigation to confirm potential risks related the superior frontal gyrus damage. Moreover, we ensured that the angle was as close to 90 degrees as possible, streamlining the procedure and potentially enhancing its accuracy and safety when compared with the complex estimation of angulation using Kocher’s point.

In conclusion, we suggest the optimal neuroendocospic trajectory involves an entry point 2 cm lateral to the sagittal suture and 1 cm posterior to the coronal suture, with an angulation with the surface of the cranium between 80° and 90° in both the coronal and sagittal plane. This trajectory maintains a distance of about 7 mm from the superior frontal sulcus and between 0 and 4 cm from the precentral sulcus.
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